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1. Introduction and update 
 
 According to the EOARD project: “Memowire: Polycrystalline Silicon Memory 
Effects” and the “Memowire: 1st progress report”, this report provides some first information 
about the electrical properties of an ultra-thin (10nm) ion implanted polysilicon film. Thin polysilicon 
films have been implanted with Boron and Phosphorous with energies of 5 and 25 keV and doses 
tuned by 2D-numerical simulations with ATHENA in order to achieve a target of 5x1017 dopants/cm3. 
The electrical characterization has been carried out by using some dedicated test structures: Van der 
Pauw structures, 2 and 4 contacts resistivity lines, capacitances and 4 contacts Kelvin structures. 
The first section of the report corresponds to the technical description of the thin film, the ion 
implantation parameters and the 4 contacts Kelvin test structures used for the polysilicon to 
polysilicon contacts characterization. The second section, gives an overview on the electrical 
characterization and SIMS measurements results, first for the ultra-thin polysilicon film and then 
for the 4 contacts Kelvin measurements. Note that all these investigations have been conducted on 
large structures and have been considered as mandatory before fabricating the narrow wires on ultra-
thin polysilicon. 

We can claim that these results highlighted some key potential problems to be solved and, 
even if the final e-beam fabrication of the nanowires has been delayed, we are able now to provide an 
improved technological flow (reported in the final sub-chapter) for the final realization. It is worth 
noting that we have detected a new potential problem associated with a low temperature budget of 
polysilicon annealing (highly needed to keep the grain size less than 10 nm): the limited activation of 
the dopants that could substantially increase the wire resistance and modify their conducting 
behaviour; this problem is proposed to be solved by a special implant into hot substrate. 
 After a meeting on December 6th 2002, with technological staff of LETI we have planned the 
e-beam work on LETI platform in March 2003 and the electrical test of the nanowires in April-
May 2003, which is the most realistic dead-line to end up the first part of the MEMOWIRE project. 
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 In terms of technological splits, 25 wafers have been sent for implantation to IBS*. Five of 
them were used for polysilicon to polysilicon contact measurement and were phosphorous doped at 
25keV. The remaining twenty wafers have been used for the polysilicon ultra-thin film 
characterization with different implant conditions: (i) boron doping at 10keV (5 wafers), (ii) boron 
doping at 25 keV (5 wafers), (iii) phosphorous doping at 10keV (5 wafers), and (iv) phosphorous 
doping at 25 keV (5wafers). All wafers have then been sent back to IBS* for the activation anneal at 
800°C for times varying from 150s to 270s. After that, five wafers have been sent for a SIMS profile 
characterization at EVANS Technologies** and the residual wafers have been processed at EPFL for 
the test structures realisation (process flow described on Appendix3.1) and the electrical 
measurements. 
 
 

2. Technical description 

2.1. LPCVD deposition of the ultra-thin polysilicon thin film 
 
 The ultra-thin polysilicon fi1lm has been deposited in a standard horizontal LPCVD furnace 
using silane as a gas source. A two-step process has been chosen: the first step consists of an 
amorphous phase deposition at 500°C, whereas the second step is the thin film crystallisation at 
800°C after implantation. 

The film has been deposited on a p-type <100> oriented 4 inch silicon substrate. A 7nm 
underlying dry oxide has been grown as a pseudo-gate oxide. To control the ion implantation, a 
sputtered oxide cap with various thickness (from 20nm to 80nm) has been deposited on the polysilicon 
film. 
 

2.2. Ion implantation: simulation and implant parameters 
 
 Due to the unusually thin thickness of the polysilicon film, simulations have been run to 
determine the appropriate (i) energy, (ii) dose and (iii) thickness of the cap oxide layer for a 
5·1017cm-3 final concentration. The simulations have been carried out using ATHENA, a 2D process 
simulation software from Silvaco International. A SIMS Verified Dual Pearson (SDVP) model has 
been exploited. 

After the ion implantation simulation based study (cf. “Memowire: 1st progress report”), we 
have chosen two doping species that are BF2 and P with two different energies of implantation: 
10 and 25 keV. 

The polysilicon film thickness has been maintained at 10nm and the final dose has been fixed 
at 5·1017 cm-3. The Table I summarizes the four final splits of implantation in terms of: (1) doping 
species, (2) initial implant dose, (3) energy implant, (4) screen oxide thickness, and (5) temperature 
and (6) duration of annealing. 
 

Dopant Dose 
[cm-2] 

Energy 
[keV] 

Oxide 
[nm] 

Temp. 
[°C] 

Time 
[s] 

B 2 1013 10 19 800 180 
B 3 1014 25 49 800 180 
P 1.3 1014 10 37 800 180 
P 3 1014 25 80 800 180 

 
Table I: optimised characteristics for a 10nm polysilicon film implantation. 

 
                                                 
*    Ion Beam Services (IBS), ZI Peynier-Rousset, 13790 Peynier, France. 
**  Cascade Scientific Ltd/Evans Europa, Uxbridge, Middlesex UB8 3PH, U.K. 
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2.3. Four contacts Kelvin structures: process and structure description 
 
 The 4 contacts Kelvin structures have been exploited to determine the resistivity of a contact 
between two polysilicon layers. The first polysilicon film, deposited on top of the gate oxide, acts as a 
barrier when contacting the ultra-thin polysilicon (see Appendix: Appendix1.1). Thus in case of metal 
diffusion through the 10nm polysilicon, the underlying gate or tunnel oxide is protected by this 
0.25µm polysilicon. 
The first polysilicon film has been deposited by LPCVD at 640°C and then POCl3 doped at 
880°C. The second polysilicon layer deposited on top of the first, is the ultra-thin film as 
described before. 

The use of a 4 contacts Kelvin structure (see Appendix1.2) allows determining the value of the 
contact resistivity itself without the problem of the arms resistance. 

No etching is possible to remove the native oxide on the first polysilicon layer before the 
deposition of the ultra-thin film. Therefore, the two polysilicon layers stack is ion implanted to reduce 
or cancel the effect of this insulating film. The implantation parameters have been chosen after 
simulation with ATHENA, as used before. The doping specie is Phosphorous, with a doping energy 
of 25keV and an initial dose of 1013 cm-2. After implantation, the films are annealed at 800°C for 
180s. 
 
 

3. Electrical results 

3.1. Ultra-thin polysilicon film resistivity 
 
 In order to evaluate the resistivity of the ultra-thin polysilicon film different type of structures 
with varying geometries and dimensions have been designed: Van der Pauw (VdP) structures (circles, 
squares and crosses), cross bridge structures, square resistors, 4-contact lines, 4-contact 
serpentines and 4-contact Kelvin resistor without the underlying polysilicon barrier. 

The measurements have been carried out with a low current (~10 fA) CASCADE micro-
prober and a HP 4156C analyser from Agilent Technologies. 

All the plots and results associated to the electrical measurements are not given in the text. 
They are distributed between the Appendix 1 for the essential measurements, and the Appendix 2 for 
the secondary measurements. 

The resistivity measurements results suggest that the gate oxide has lost its insulating 
properties due to metal diffusion through the polysilicon film or too high-energy implantation. On the 
Appendix 1.3 we can see two pseudo-capacitance plots. Those plots have been obtained by applying a 
potential Vs on (a) a 500µmx500µm ultra-thin polysilicon square and (b) on the frontside of the wafer. 
The associated current on the backside of the substrate Ig (Vg = 0) and on the probe Is are then 
quantified. It is clearly shown that all the current that is extracted from the probe flows in the substrate 
through the 7nm gate oxide (Ig always equals Is). Increasing the voltage increases the leakage in the 
substrate. Furthermore, the current measured is lower when connecting the polysilicon and/or less big 
squares (see Appendix 2.1 to 2.3). 

This leakage explains the lack of coherence between the different VdP or other resistivity 
measurements. As an example, we can see on the Appendix 1.4 the plot derived from a round VdP 
structure of 106µm2. A variable voltage Vg has been applied on probe 1 and the consecutive current 
has been measured on probe 1 (Is) and 3 (Id). A voltage is then measured between the probes 2 and 4 
and by dividing this potential by the current on one of the probe (if both current are equal), we obtain 
the sheet resistance. It can be clearly seen on the plot, that the sheet resistance is not constant at all, 
and moreover is spread out on 7 decades. Also, Is and Id are not always equal, what confirms leakage 
to the substrate. 
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The same measurements have been performed on various kinds of VdP structures and on 4 
contact Kelvin structures without the underlying 0.25µm doped polysilicon. The results are given on 
the Appendix 2.4 to 2.9. They show the same lack of coherence than the round VdP structures 
described above. 

There are two ways to explain the origin of this leakage: (i) AlSi diffusion through the 10nm 
of polysilicon and the 7nm of oxide (direct connection to the substrate); (ii) too high implantation 
dose or energy: the dopants have diffused in the oxide layer, diminishing the insulating properties of 
this one. 

The SIMS profile obtained from the implantations seems to show that the second 
proposition is the most adequate. Indeed, if we look at the SIMS profile given on the Appendix 1.5 
(see also Appendix 2.10 to 2.12) we can see that the concentration of boron in the gate oxide varies 
from 1017 to 3•1018cm-3. Furthermore, the polysilicon effective doping concentration is set around 
3.5•1018cm-3 even though the simulation has located it at 5•1017cm-3. However, other private 
communication with ion implantation experts support more the first explanantion. Indeed the 
annealing step at 800°C during 180s should be able to activate only 5 to 10% of the dopants, which 
makes the second proposition inadequate. 

Nevertheless more tests are now planned to understand more the origin of this leakage. Test 
structures with a thicker gate oxide, and/or with a polysilicon pad under the contact areas will be 
processed with the same implantation conditions but a higher annealing temperatures. On the other 
hand, this is not a solution for the implanted nanowires because the grain sizes will increase much 
more. 

Another manner to determine whether the leakage comes from a too high energy/dose 
implantation or a metal diffusion to the substrate is under investigation: hot implantation. This 
particular process allows to use lower annealing temperatures for the dopants activation and so to 
control the grain sizes. It is the final technological solution envisioned for this project. 
 
 

3.2. Four contacts Kelvin resistor measurements 
 
 The 4 contacts Kelvin measurements are executed by forcing a current I13 through the probes 1 
and 3 (see Appendix 3) and by measuring the differential voltage V24 between the probes 2 and 4. The 
contact resistance Rc is 

13

24

I
VRc =      (1) 

which is simply the ratio of the voltage to the current. The specific contact resistivity ρc is calculated 
from Rc through the relation 

ccc AR=ρ      (2) 
where Ac is the contact area. 
 
Note that thanks to the underlying polysilicon, the gate oxide has conserved its insulating properties, 
so these structures were functionally successful compared to the previous ones.The Appendix 1.6 
presents a quasi-static C-V measurement (QSCV) on a 500µmx500µm polysilicon square. This QSCV 
has been performed with the same HP 4156C mentioned above. We can see that the value of the 
capacitance measured is consistent with the theoretical value of 1.5nF (7nm dry oxide), which 
confirms the fully functionality of the designed structure.Other results performed on comb and 
circle capacitances (see Appendix 2.13 and 2.14) confirm this observation. 
 
Remark: It has to be specified that before all the effective contact resistance measurements a current 

ramp has been applied on the device (between probes 1 and 3) in order to breakdown the 
oxide that has grown on the first polysilcon layer down. The plot of the Appendix 1.7 shows 
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that a minimum current of 1µA is necessary to breakdown this native oxide. This native 
oxide should be eliminated in the final integration. 

 
The Appendix 1.8 corresponds to a Kelvin resistor measurement of a 10x10µm contact. The 

current I13 is given on the X-axis and the associated voltage V24 and contact resistance Rc are 
reproduced on the Y-axis. We can see that Rc reaches a plateau between 10nA and 1µA and then 
decreases with an increasing current. The value of the plateau is about 20kOhm while it decreases to 
300Ohm at 10mA. This behaviour can very probably be related to the self-heating of the contact at 
high current densities (resulting in a decrease of polysilicon resistivity). The high resistance value 
is explained by the lack of dopant activation due to the low temperature used for annealing. 
If we report the value of Rc measured for the plateau versus the contact area we obtain the plot given 
in Appendix 1.9. This plot is derived from the measurements done on contacts of 2, 3, 5 and 10µm (see 
Appendix 2.15 to 2.17). It seems that when the contact size increases, the contact resistance decreases. 
This behaviour is consistent, but a plot the specific contact resistivity ρc versus the contact area Ac (see 
Appendix 1.10) shows that ρc increases with Ac: the self heating due to contact size combined with the 
lack of activation can explain this behaviour. 

The plots on Appendix 1.11, 2.18 and 2.19 show resistivity measurements performed on 
serpentines with 5, 11 and 111 lines (100µm x 10µm). A 5 lines serpentine is described on the 
Appendix 1.11. A current I14 is forced between probe 1 and 4 and the differential voltage associated 
V23 is sensed between probes 2 and 3. We can see that the resistances associated with those structures 
spreads out from 3kOhm for a 5 lines serpentine to 80kOhm for a 111 lines serpentine what confirms 
the lack of dopant activation. 
 
 

4. Project continuation 
 
 The need to combine less than 10nm polysilicon grain sizes with ion implantation 
annealing has lead us to underestimate the temperature and time of annealing for dopant 
activation. Thus the polysilicon films appear to be much highly resistive than expected and the Kelvin 
structures have shown high resistance contact properties. This resistance decreases with the current, 
due to self-heating. 

Furthermore, we have emphasized the how critical is the problem of taking a contact on a 
10nm polysilicon film deposited on a 7nm dry oxide. A diffusion of the metal through the 
polysilicon and the oxide and/or a too high dopant concentration in the oxide can explain the high 
leakage to the substrate that we experimentally observed. 
 We can also conclude that the 2D numerical simulations with ATHENA can only gives order 
of magnitude of the equivalent doping in ultra-thin films and SIMS investigation and experimental 
calibration is absolutely needed. 

These remarks have driven a modification of the ion implantation process (see Appendix 
3.1). Two alternatives have been chosen: (i) a hot implantation and/or (ii) an in-situ doped 
polysilicon deposition. The first alternative allows to lower or even cancel the annealing step because 
the implantation takes place at 500°C (60% activation) or 600°C (80% to 100% activation). However, 
temperature dependent simulation should be performed using a Monte Carlo instead of the 
SVDP model (our group at EPFL dedicated early December a special fund to this needed licence 
under ATHENA software). We are planning to have electrical measurements for this alternative 
around mid-April, if no unexpected problem arises. The second alternative simply eliminates the 
implantation and annealing steps. Though it needs modification of the LPCVD reactor (gas lines 
should be brought to the tube) and a study of the deposition parameters (gas pressure, 
temperature, gas mixes proportion). The modification of the furnace will take few months, so via 
this solution the delay for the final nanowires would be longer (end of June in the best case). We have 
decided to concentrate our efforts on the first solution as more realistic for the project dead-lines. 
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APPENDIX 1 
 
 
 

 

 

 

 
Appendix 1.1: cross-section view of the polysilicon to polysilicon contact region. 

 
 
 

 
a) 

 
b) 

Appendix 1.2: schematic representation of the 4 contacts Kelvin structure: a) plan view; b) cross section. 
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Appendix 1.3: pseudo capacitance measurements on a 500µm by 500µm ultra-thin polysilicon  

square: contact on top of a) the polysilicon layer; b) the substrate. 
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Appendix 1.4: 106 µm2 round VdP structure: a) schematic representation; b) electrical characteristics associated. 
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Appendix 1.5: SIMS profile of a 25 keV boron doped 
ultra-thin (10nm) polysilicon film. 

 
 

Appendix 1.6: QSCV measurement on a 500 by 500µm 
polysilicon square on 7nm oxide. 

 

0

0.5

1

1.5

2

2.5

3

10-10 10-9 10-8 10-7 10-6 10-5 0.0001 0.001 0.01

Polysilicon to polysilicon interface oxide breakdown

V2
4 

[V
]

I13 [A]  
 

Appendix 1.7: interface native oxide breakdown. 
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Appendix 1.8: resistance measurements of: a 10 by 10µm 
polysilicon to polysilicon contact. 
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Appendix 1.9: contact resistance measured Rc versus 
contact area Ac. 
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Appendix 1.10: specific contact resistivity ρc versus 
contact area Ac. 
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Appendix 1.11: 5 lines (10µm x 100µm) serpentine structure: a) schematic representation;  

b) electrical characteristics associated. 
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APPENDIX 2 
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Appendix 2.1: pseudo capacitance measurements on a 1000µm by 1000µm ultra-thin polysilicon 

square: contact on top of a) the polysilicon layer; b) the substrate. 
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Appendix 2.2: pseudo capacitance measurements on a 200µm by 200µm ultra-thin polysilicon 

square: contact on top of a) the polysilicon layer; b) the substrate. 
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Appendix 2.3: pseudo capacitance measurements on a 100µm by 100µm ultra-thin polysilicon 
square: contact on top of a) the polysilicon layer; b) the substrate. 
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Appendix 2.4: electrical characterisitics of a 106 µm2 
polysilicon square VdP structure. 
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Appendix 2.5: electrical characterisitics of a 2.5 105 
µm2 polysilicon square VdP structure. 
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Appendix 2.6: electrical characterisitics of a 4 104 µm2 
polysilicon square VdP structure. 
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Appendix 2.7: resistance measurements of a 10 by 
10µm metal on ultra-thin polysilicon contact. 
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Appendix 2.8: resistance measurements of a 5 by 5µm 
metal on ultra-thin polysilicon contact. 
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Appendix 2.9: resistance measurements of a 3 by 3µm 
metal on ultra-thin polysilicon contact. 
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Appendix 2.10: SIMS profile of a 10 keV boron doped 
ultra-thin (10nm) polysilicon film. 
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Appendix 2.11: SIMS profile of a 25 keV phosphorous 
doped ultra-thin (10nm) polysilicon film. 
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Appendix 2.12: SIMS profile of a 10 keV boron doped 
ultra-thin (10nm) polysilicon film. 

 

0 100

2 10-10

4 10-10

6 10-10

8 10-10

1 10-9

1.2 10-9

1.4 10-9

-4 -3 -2 -1 0 1 2 3 4

QSCV measurement on a 500 by 500 um square capacitance

ca
pa

ci
ta

nc
e 

[F
]

applied voltage [V]  
 

Appendix 2.13: QSCV measurement on a 500 by 
500µm polysilicon comb on 7nm oxide. 
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Appendix 2.14: QSCV measurement on a 500 by 
500µm polysilicon circle on 7nm oxide. 
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Appendix 2.15: resistance measurements of: a 5 by 
5µm polysilicon to polysilicon contact. 

 

0

0.5

1

1.5

2

2.5

3

100

1000

104

105

10-9 10-8 10-7 10-6 10-5 0.0001 0.001 0.01

Resistance measurement on a 3 by 3um contact

VMU1 RES

V2
4 

[V
]

R
c [O

hm
]

I13 [A]  
 

Appendix 2.16: resistance measurements of: a 3 by 
3µm polysilicon to polysilicon contact. 
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Appendix 2.17: resistance measurements of: a 2 by 
2µm polysilicon to polysilicon contact. 

 

0

0.5

1

1.5

2

2.5

3

100

1000

104

105

106

10-9 10-8 10-7 10-6 10-5 0.0001 0.001 0.01

Serpentine resistance measurement: 11 x 10um x 100um lines

VMU1 RES

V2
3 

[V
]

Total serpentine resistance [O
hm

]

I14 [A]  
 

Appendix 2.18: electrical characteristics of a 11 lines 
(10µm x 100µm) serpentine structure. 
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Appendix 2.19: electrical characteristics of a 111 lines 
(10µm x 100µm) serpentine structure. 
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APPENDIX 3 
 

 
 
 

Appendix 3.1: short process flow of the three doping alternatives. 



ÉC OLE POL Y TEC H NIQU E
FÉ DÉRALE DE LAUSANNE

MEMOWIRE
General Planning of Activities

Project duration: 9 months
Project start/end date: 15 November 2001 / 15 July 2002

Type of Activities:

1) Process flow setup - Duration: 1 month (Nov. 15th – Dec.15th 2001).
MEMOWIRE’s process flow defined by EPFL is given in Appendix 1.
The process flow includes the use of an optimized LPCVD deposition process for
the nano-grain ultra-thin polysilicon films. A detailed initial study of various
deposition techniques for ultra-thin polysilicon films has been performed
preceding the start date of this project (see publication given Appendix 2), as a
step in the EPFL’s Few-Electron Electronics internal project. The selected
deposition technique is based on the LPCVD deposition of a 6-nm amorphous
ultra-thin silicon layer (at 500°C, 300mTorr) on top of a 7nm-thick thermal oxide,
followed by recrystallization (at 700°C, 10min). A simplified schematic of one
typical original proposed device is given in Fig. 1.

2) Optimization of the implant parameters via 1-D numerical simulation (TCAD)
– Duration: 2 months (Dec. 15th 2001 – February 15th 2002).
Various combinations of the implantation parameters: (I) implant energy, (II) dose
and (III) nature of the dopant (at least P, B and As will be considered) will be
investigated using Silvaco’s Athena software. The simulation concerns
polycrystalline silicon films with thickness less than 20nm on top of a 5 to 10 nm
thick thermal oxide layer. Complementary predictions will concern the expected
resistivity of the implanted ultra-thin films; however, the resistivity estimation is not
expected to be very accurate since Athena is not able to take into account the
grain size influence, which is a key factor for the conductivity of the polycrystalline
silicon. It is worth noting that, according to the process flow defined at 1), all the
necessary process steps prior to implantation will be carried out in parallel,
including the design of masks.

3) Ion Implantation – Duration: 3 months (February 15th 2002 - May 15th 2002). The
estimated number of wafers to be implanted is 75. The estimated number of runs
is 3 to 5. Various splits will be defined according to results obtained at 2) in the
frame of a DOE (Design-Of-Experiment). Close collaboration with Dr. J. Tringe is
projected to define the final DOE. The company which will perform the
implantation is one of the two following candidates: (1) Colybris, Neuchâtel,
Switzerland, and (2) Ion Beam Services, Marseille, France. Contacts have been
established and the selection will be based on their final offer.

4) Electrical and physical characterization – Duration: 4 months (March 15th 2002
– July 15th 2002).
The electrical (I-V, C-V) and physical characterization (SEM, TEM, AFM) of the
fabricated structures will be carried out by the Swiss Federal Institute of
Technology Lausanne (EPFL). A test device will be provided to Dr. J. Tringe for
electrical characterization.
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(a)

(b)

Fig. 1 a) Cross section of one typical ‘MEMOWIRE’ device, b) top view of the
same device.
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PROCESS FLOW: NANOWIRE TEST STRUCTURES

Module: Wafer start (marques ASM & Ebeam)
Recipe n° Who Tool / Localization Measure: Tool / Localization Measure: Recipe /

Specification Results on monitor or product

1 SPIN RESIST LETI - - - -
2 EXPOSE RESIST LETI - - - -
3 DEVELOP RESIST LETI - - - -
4 Si ETCH LETI - - - -
5 STRIP RESIST LETI - - - -
6 SPIN RESIST LETI - - - -
7 EXPOSE RESIST LETI - - - -
8 DEVELOP RESIST LETI - - - -
9 Si ETCH LETI - - - -

10 STRIP RESIST LETI - - - -

COMMENTS:

Module: Compensation layer (0.5µµµµm)
Recipe n° Who Tool / Localization Measure: Tool / Localization Measure: Recipe /

Specification Results on monitor or product

11 CLEAN LETI - - - -
12 SACRIFICIAL

OXIDE
LETI - - - -

13 SPIN RESIST LETI - - - -
14 EXPOSE RESIST LETI - - - -
15 DEVELOP RESIST LETI - - - -
16 IMPLANTATION LETI - - - -
17 STRIP RESIST LETI - - - -
18 ACTIVATION LETI - - - -
19 SiO2 ETCH LETI - - - -

COMMENTS:
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Module: Tunnel oxide (5 – 10nm)
Recipe n° Who Tool / Localization Measure: Tool / Localization Measure: Recipe /

Specification Results on monitor or product

20 RCA CLEAN EPFL WET BENCH RCA / ZONE 3 - - -

21 DRY OXIDATION EPFL CENTROTHERM / ZONE 3
(2_3) ELLIPSOMETRE / ZONE 3 OXIDE ON Si

N
E             C             O

S

COMMENTS:

Module: Contact plots (0.1 – 0.2µµµµm)
Recipe n° Who Tool / Localization Measure: Tool / Localization Measure: Recipe /

Specification Results on monitor or product

22 LPCVD POLY-Si EPFL CENTROTHERM / ZONE 3
(1_1) NAOSPEC 6100 / ZONE 3 POLY ON SiO2 / Si

N
E             C             O

S

23 POCl3 DOPING EPFL CENTROTHERM / ZONE 3
(1_4) 4 P. MEASURE / ZONE 4 POLY 13 pts

M1                          P1
M2                          P2
M3                          P3

24 DEGLAZE EPFL ZONE 2 - - -

25 SPIN RESIN EPFL RITE TRACK (Track 1) /
ZONE 1 - - -

26 EXPOSE RESIST EPFL ZONE 1 - - -

27 DEVELOP
RESIST EPFL RITE TRACK (Track 2) /

ZONE 1 - - -

28 POLY-Si ETCH EPFL DRY OR WET / ZONE 2 MICROSCOPIC
INSPECTION / ZONE 3

- -

29 STRIP RESIST
WET EPFL WET BENCH PHOTO /

ZONE 3 - - -

30 STRIP RESIST
PLASMA EPFL TEPLA / ZONE 5

OXFORD / ZONE 2
MICROSCOPIC

INSPECTION / ZONE 3 - -

COMMENTS:
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Module: Nanograin thin film deposition (10nm)
Recipe n° Who Tool / Localization Measure: Tool / Localization Measure: Recipe /

Specification Results on monitor or product

31 DIP HF EPFL CENTROTHERM / ZONE 3
(1_4) 4 P. MEASURE / ZONE 4 POLY 13 pts

M1                          P1
M2                          P2
M3                          P3

32 LPCVD a-Si EPFL CENTROTHERM / ZONE 3
(1_1) ELLIPSOMETRE / ZONE 3 a-Si ON SiO2 / Si

N
E             C             O

S

33 ANNEALING EPFL CENTROTHERM / ZONE 3
(2_1) TEM / CIME EPFL - PICT :

34 SACRIFICIAL
OXIDE EPFL CENTROTHERM / ZONE 3

(2_2) - - -

35 SPIN RESIST EPFL RITE TRACK (Track 1) /
ZONE 1 - - -

36 EXPOSE RESIST EPFL ZONE 1 - - -
37 DEVELOP

RESIST EPFL RITE TRACK (Track 2) /
ZONE 1 - - -

38 IMPLANTATION - - - - -
39 ACTIVATION - - - - -

40 STRIP RESIST
WET EPFL WET BENCH PHOTO /

ZONE 3 - - -

41 STRIP RESIST
DRY EPFL TEPLA / ZONE 5

OXFORD / ZONE 2
MICROSCOPIC

INSPECTION / ZONE 3 - -

42 SiO2 ETCH EPFL DRY OR WET / ZONE 2 MICROSCOPIC
INSPECTION / ZONE 3 - -

COMMENTS:
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Module: Nanograin thin film implantation
Recipe n° Who Tool / Localization Measure: Tool / Localization Measure: Recipe /

Specification Results on monitor or product

43 CLEAN EPFL WET BENCH RCA / ZONE 3 - - -

44 SACRIFICIAL
OXIDE EPFL CENTROTHERM / ZONE 3

(2_2) - - -

45 SPIN RESIST EPFL RITE TRACK (Track 1) /
ZONE 1 - - -

46 EXPOSE RESIST EPFL ZONE 1 - - -
47 DEVELOP

RESIST EPFL RITE TRACK (Track 2) /
ZONE 1 - - -

48 IMPLANTATION
N Subcontr. - - - -

49 STRIP RESIST
WET EPFL WET BENCH PHOTO /

ZONE 3 - - -

50 STRIP RESIST
DRY EPFL TEPLA / ZONE 5

OXFORD / ZONE 2
MICROSCOPIC

INSPECTION / ZONE 3 - -

51 SPIN RESIST EPFL - - - -
52 EXPOSE RESIST EPFL ZONE 1 - - -

53 DEVELOP
RESIST EPFL RITE TRACK (Track 2) /

ZONE 1 - - -

54 IMPLANTATION
P Subcontr. - - - -

55 STRIP RESIST
WET EPFL WET BENCH PHOTO /

ZONE 3 - - -

56 STRIP RESIST
DRY EPFL TEPLA / ZONE 5

OXFORD / ZONE 2
MICROSCOPIC

INSPECTION / ZONE 3 - -

57 SPIN RESIST EPFL - - - -
58 EXPOSE RESIST EPFL ZONE 1 - - -
59 DEVELOP

RESIST EPFL RITE TRACK (Track 2) /
ZONE 1 - - -

60 IMPLANTATION
N+ - - - - -

61 STRIP RESIST
WET EPFL WET BENCH PHOTO /

ZONE 3 - - -

62 STRIP RESIST
DRY EPFL TEPLA / ZONE 5

OXFORD / ZONE 2
MICROSCOPIC

INSPECTION / ZONE 3 - -

63 SPIN RESIST EPFL - - - -
64 EXPOSE RESIST EPFL ZONE 1 - - -
65 DEVELOP EPFL RITE TRACK (Track 2) / - - -
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RESIST ZONE 1

66 IMPLANTATION
P+ Subcontr. - - - -

67 STRIP RESIST
WET EPFL WET BENCH PHOTO /

ZONE 3 - - -

68 STRIP RESIST
DRY EPFL TEPLA / ZONE 5

OXFORD / ZONE 2
MICROSCOPIC

INSPECTION / ZONE 3 - -

69 SPIN RESIST EPFL - - - -
70 EXPOSE RESIST EPFL ZONE 1 - - -

71 DEVELOP
RESIST EPFL RITE TRACK (Track 2) /

ZONE 1 - - -

72 IMPLANTATION
N++ Subcontr. - - - -

73 STRIP RESIST
WET EPFL WET BENCH PHOTO /

ZONE 3 - - -

74 STRIP RESIST
DRY EPFL TEPLA / ZONE 5

OXFORD / ZONE 2
MICROSCOPIC

INSPECTION / ZONE 3 - -

75 SiO2 ETCH EPFL DRY OR WET / ZONE 2 MICROSCOPIC
INSPECTION / ZONE 3 - -

COMMENTS:

Module: Nanograin thin film lithography
Recipe n° Who Tool / Localization Measure: Tool / Localization Measure: Recipe /

Specification Results on monitor or product

76 CLEAN LETI - - - -
77 SPIN RESIST LETI - - - -
78 EXPOSE RESIST LETI - - - -
79 DEVELOP

RESIST
LETI - - - -

80 FILM ETCH LETI - - - -
81 STRIP RESIST LETI - - - -

COMMENTS:
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Module: Passive oxide deposition (0.3µµµµm)
Recipe n° Who Tool / Localization Measure: Tool / Localization Measure: Recipe /

Specification Results on monitor or product

82 RCA CLEAN (NO
HF) EPFL WET BENCH RCA / ZONE 3 - - -

83 LTO OXIDE EPFL LTO (ALCATEL) / ZONE 3 NANOSPEC 6100 / ZONE 3 OXIDE
N

E             C             O
S

84 SPIN RESIST EPFL RITE TRACK (Track 1) /
ZONE 1 - - -

85 EXPOSE RESIST EPFL ZONE 1 - - -

86 DEVELOP
RESIST EPFL RITE TRACK (Track 2) /

ZONE 1 - - -

87 SiO2 ETCH EPFL DRY OR WET / ZONE 2 MICROSCOPIC
INSPECTION / ZONE 3 - -

88 STRIP RESIST
WET EPFL WET BENCH PHOTO /

ZONE 3 -

89 STRIP RESIST
PLASMA EPFL TEPLA / ZONE 5

OXFORD / ZONE 2 LEO1550 / ZONE 1 - PICT:

COMMENTS:

Module: Metallization
Recipe n° Who Tool / Localization Measure: Tool / Localization Measure: Recipe /

Specification Results on monitor or product

90 PVD Ti/N EPFL BAS450 / ZONE 4 4 P. MEASURE / ZONE 4 Metal 13 pts
M1                          P1
M2                          P2
M3                          P3

91 PVD Ti EPFL BAS450 / ZONE 4 4 P. MEASURE / ZONE 4 Metal 13 pts
M1                          P1
M2                          P2
M3                          P3

92 PVD AlSi EPFL BAS450 / ZONE 4 4 P. MEASURE / ZONE 4 Metal 13 pts
M1                          P1
M2                          P2
M3                          P3

93 SPIN RESIST EPFL RITE TRACK (Track 1) /
ZONE 1 - - -

94 EXPOSE RESIST EPFL ZONE 1 - - -
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95 DEVELOP
RESIST EPFL RITE TRACK (Track 2) /

ZONE 1 - - -

96 METAL ETCH EPFL DRY OR WET / ZONE 2 MICROSCOPIC
INSPECTION / ZONE 3 - -

97 STRIP RESIST
WET EPFL WET BENCH PHOTO /

ZONE 3 -

98 STRIP RESIST
PLASMA EPFL TEPLA / ZONE 5

OXFORD / ZONE 2 LEO1550 / ZONE 1 - PICT:

COMMENTS:
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ABSTRACT

This paper investigates the limits of a low pressure chemical vapour deposition (LPCVD)
technique for the deposition of a nanometer scale ultra-thin polysilicon (poly-Si) film with sub-
10nm grain sizes. Three different processes using pure silane (SiH4) in a standard horizontal hot-
wall reactor are presented: (i) a direct poly-Si deposition, (ii) a Hemispherical Silicon Grain
(HSG) deposition and (iii) an amorphous silicon (a-Si) deposition followed by a thermal
crystallization anneal. The direct poly-Si deposition gives a minimum film thickness achievable
around 20 nm with grain sizes ranging from 20 to 30 nm. The HSG deposition process leads to
the formation of grains with diameters varying from 5 to 50 nm and heights ranging from 5 to 20
nm. The best results are obtained with the third process (a-Si / crystallization), which allows the
formation of 6 nm poly-Si thick films with grain sizes ranging from 10 to 20 nm.

INTRODUCTION

According to the 1999 International Technology Roadmap for Semiconductors (ITRS) [1],
it is recognized that “no known solutions” in virtually all of the technology areas will be
encountered by 2008 with the shrinkage of the feature size in integrated circuits below 20 – 30
nm. Single Electron Devices (SED) are projected to be alternative components for ultra-large
scale integration (ULSI). Present temperature operation of SED's is less than 20K, but room
temperature operated memories have already been demonstrated [2-5]. In those devices, the
transfer of a single electron is made possible thanks to the Coulomb blockade effect [6]. To be
efficient at room temperature, the Coulomb blockade needs nanometer size devices that cannot
be achievable with actual lithographic limitations. Therefore most of the SE memories [2-5]
consist of nanometer scale separated Si islands that can store a charge of one electron per island.
A recent work on a poly-Si wire in which each grain represents an island [7] let us think that an
ultra-thin poly-Si wire with nanograins could be an alternative for those devices. In this case, it
clearly appears that the critical technological step lies in the deposition of an ultra-thin poly-Si
film with grain sizes of less than 10 nm.

This paper presents the evaluation of three different LPCVD processes to achieve the
deposition of an ultra-thin nanograin poly-Si film: (i) a direct poly-Si deposition, (ii) a HSG
deposition and (iii) an a-Si deposition followed by a crystallization thermal annealing.

EXPERIMENTAL DETAILS

All the depositions were completed on 100 mm ‹100› oriented, boron-doped p-type silicon
wafers with a 70 Å thick silicon dry oxide grown on the surface. The LPCVD system is a
conventional horizontal hot wall reactor using pure silane as reactant gas. In the following, three
different processes are reported.

The poly-Si deposition is a more common process. It is well known [8] that the crystalline
structure depends on the deposition temperature and the silane pressure, and the transition region



MRS Fall Meeting 2001, Boston, USA
Paper A6.4

Symposium A
Materials Issues in Novel Si-Based Technology

between amorphous and crystalline phase is set around 560 and 590 °C for a silane pressure
around 150 mTorr. Increasing the pressure at a given temperature increases the degree of
amorphization. Hence, the direct poly-Si deposition process is characterized for temperatures
ranging from 580 to 640 °C with silane pressures varying from 60 to 200 mTorr.

Sallese et al [9] have demonstrated that the HSG deposition process could be assumed as a
two steps process in which the first step consists in a simple a-Si deposition, whereas the second
is an in-situ anneal at higher temperatures leading to the formation of crystalline silicon grains
by Si atom migration on the surface, as shown on figure 1. The grain diameters and heights are
influenced by the annealing temperature and time, by the presence of silane during anneal, and
also by the thickness of the a-Si layer. Therefore, the effect of the a-Si deposition temperature
between 500 and 525 °C is analysed, while the annealing step is maintained at 545 °C. The
silane pressure is kept at 150 mTorr.

The a-Si / crystallization process is also investigated as a two steps process. The first step
consists in a-Si deposition at temperature below 550 °C as defined before, while the second step
is a Solid Phase Crystallization (SPC) at temperatures higher than 600 °C. The difference with
the HSG process is due to the formation of a native oxide on the wafer surface prior to thermal
annealing. This native oxide prevents the migration of the Si atoms and so the HSG formation.
The a-Si films are deposited at temperatures and silane pressure ranging from 475 to 525 °C and
150 to 350 mTorr. The SPC is carried out in the same LPCVD system, under a nitrogen
atmosphere and with temperatures varying from 700 to 950 °C.

The gas flux is fixed at 30 sccm in the back of the reactor for the three processes. The
thickness measurements are made by ellipsometry. The surface morphologies are observed by
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM), whereas the
microstructures are investigated by Transmission Electron Microscopy (TEM).

DISCUSSION

The LPCVD poly-Si deposition involves high deposition rates that are interesting for thick
films applications. For deposition temperatures ranging from 580 to 640 °C, the slopes of the
calibration curves gives deposition rates varying from 30 to 68 Å/min (see table I). Even with a
silane dilution in nitrogen in a ratio of one volume silane per thirty-two volumes of nitrogen, the
deposition rate cannot be decreased to less than 30 Å/min.

Figure 1. Schematic growth sequence of a Hemispherical Silicon Grain (HSG). The second step
of the process (thermal anneal) is represented.

 

a-Si a-Si 

a-Si a-Si 



MRS Fall Meeting 2001, Boston, USA
Paper A6.4

Symposium A
Materials Issues in Novel Si-Based Technology

Table I. Deposition rate and minimum thickness to get a continuous surface vs deposition rate
and silane pressure for a direct poly-Si deposition.

Dep. temp.
(°C)

Pressure
(mTorr)

Dep. rate
(Å min-1)

Cont. surface
 at – (Å)

640 100 68 330
620 100 60 280
600 100 36 200
580 200 30 -

Table 1 also shows that the deposition rate influences the morphology of the film. Indeed,
the higher the deposition rate is, the thicker the film must be to fully recover the all surface. At
640 °C the deposition rate is about 68 Å/min and the minimum film thickness to avoid porosity
stands around 330 Å, whereas at 620 °C this minimum thickness decreases to 280 Å. If we
assume a linear behavior of the deposition rate and this minimum film thickness, a 100 Å film
would require a 12 Å/min deposition rate. However, the deposition rate cannot be lessen under
30 Å/min, which is the deposition rate for the lowest temperature (580 °C) and for the deposition
with silane diluted in nitrogen. Thus, the minimum film thickness obtained is about 200 Å, and
the TEM measurements on such a film give grain sizes ranging from 20 to 30 nm. Figure 2
shows two SEM micrographs, one of a 320 Å deposit at 640 °C containing porosity and the
other of a 300 Å continuous film deposited at 620 °C.

A classical HSG process consists of an a-Si deposition followed by a seeding step, that is an
in-situ anneal at higher temperatures, with an addition of silane at the beginning. This seeding
method proposed by Sakai et al [10], allows a thinner grain size distribution, but causes
coalescence of the HSG’s for a-Si thickness around 10 nm. Thus, a ten minutes a-Si deposition
at 525 °C and a silane pressure of 150mT, followed by a twenty minutes thermal anneal at 545
°C with a silane pressure of 150 mTorr during the first fifteen minutes produces grain with sizes
ranging from 50 to 500 nm or more. Simply replacing silane by nitrogen during seeding allows
to decrease the grain sizes around 5 to 100 nm and so to avoid coalescence too. Figure 3 presents
a SEM picture of a HSG deposition carried out at 500 °C during fifteen minutes with a silane
pressure of 150 mTorr for a twenty minutes annealing step at 545 °C. It gives grain diameters
ranging from 5 to 50 nm and heights varying from 10 to 20 nm. This is the smallest feature
obtained with this process. The reduction in grain sizes is due to the reduction of the a-Si film
(~35 Å) deposited in the first step.

 a)  b)

Figure 2. SEM micrograph of poly-Si deposited at a) 640 °C (330 Å) and b) 620 °C (300 Å).
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Figure 3. SEM micrograph of HSG. It represents a fifteen minutes a-Si deposition at 500 °C
under 150 mTorr of silane, followed by a twenty minutes thermal anneal at 545 °C.

The temperatures usually exploited for thick a-Si LPCVD deposition ranges from 480 to
550 °C for silane pressure of 200 mTorr. However, the deposition of ultra-thin a-Si films is
limited to temperatures around 500 °C. A deposition at 475 °C with a silane pressure of 150
mTorr presents a granular structure that increases the density and the size of the pores in a thin
film (100 Å) as compared with a 500 °C layer deposited under the same conditions.
Furthermore, the incubation time at 475 °C is more than sixty minutes for a deposition rate of ~3
Å/min, which is not acceptable. Depositions above 500 °C, as 525 °C for example, leads to the
formation of HSG’s during the reactor purge necessary to eliminate silane residue. The reactor is
brought several times under vacuum conditions, what promotes, at this temperature, the silicon
atom surface diffusion. The nucleation of grains is also favored by the stresses due to the thin
thickness of the film.

Nevertheless, even with a deposition temperature of 500 °C and a silane pressure of 150
mTorr, the deposited films are limited to a thickness of 150 Å. For these thicknesses we
encounter the same porosity problems as with the direct poly-Si deposition. Works done on the
nucleation of quantum dots [11,12] have shown that there are three different ways to increase the
density of nuclei at the early stage of the deposition: create OH bonds on the surface by dipping
the wafer in HF prior to the deposition; replace the silicon oxide layer on the surface by silicon
nitride; and finally, increase the deposition pressure. Depositions at 490 °C under a silane
pressure of 150 mTorr combined with an increase in nucleation sites, due to firstly a HF dip
prior to deposition and secondly the use of silicon nitride as insulator, allows to obtain
continuous a-Si films with a thickness of 100 Å.

The thinnest a-Si continuous films can be achieved with the third method previously
proposed, that is an increase in the silane pressure during deposition. Indeed, it permits to
achieve the deposition of a continuous a-Si film as thin as 60 Å with a deposition temperature of
500 °C and a silane pressure of 300 mTorr (see figure 4).

Figure 4 shows a cross section dark field TEM image of a 100 Å film deposited at 500 °C
and a silane pressure of 300 mTorr. It can be noted that a ten minutes SPC process carried out at
700 °C, causes the formation of a needle like crystalline structure with grain sizes around 10 to
20 nm; other plan view TEM pictures confirm these results. Higher annealing temperatures
generate an overgrowth of the grains to sizes as large as 200 nm due to the time needed to reach
such temperatures. A Rapid Thermal Annealing (RTA) tool should be the most accurate
equipment to obtain smaller grains, because higher annealing temperatures allow a reduction in
the grain sizes [13].
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 a)

 

 b)

Figure 4. a) SEM micrograph of a 60 Å continuous a-Si film deposited at 500 °C under a silane
pressure of 300 mTorr (the particle on the right of the image prove the quality of the focus), b)
dark field TEM image of a 100 Å poly-Si film annealed ten minutes at 700 °C.

CONCLUSION

This study shows that the poly-Si LPCVD deposition of ultra-thin films needs a control of the
nucleation phase at the early stage of the deposition in order to control porosity of the films. It is
demonstrated that the direct poly-Si process allows the deposition of 200 Å thick films with
grain sizes ranging from 20 to 30 nm. On the other hand, HSG’s with grain diameters and
heights varying from 5 to 50 nm and 10 to 20 nm, respectively, can be obtained with a
modification of a standard HSG process. Finally, it is demonstrated that a-Si deposition at 500
°C under a silane pressure of 300 mTorr followed by 10 min annealing at 700 °C provides films
with thickness less than 10 nm and grain size between 10 to 20 nm.
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